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Motivation



Physics Beyond the Standard Model

SM is not a complete description of Nature:

 Dark matter candidate is missing:

v

Neutrinos are massive, weakly interacting, however 1.6 % > > 0.5% (CMB & LSS)

QDM
* Neutrino masses
* Hierarchy problem
 Baryogenesis
 Quantum gravity

Physics BSM can take many forms - from minimal extensions
to many hidden (dark) sectors.



Dark Matter in the Universe

Evidence on multiple scales due to gravitational interactions:
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number density

Thermal DM benchmark - WIMP

Since late 70’s, it’s well known that new particle with
electroweak-scale mass and weak interaction with the SM
naturally provides the observed relic density Qh? ~ 0.1.
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Looking for WIMPs

Since late 70’s, it’'s well known that new particle with
electroweak-scale mass and weak interaction with the SM

naturally provides the observed relic density Qh” = 0.1.

X F
4 —26 3.—1
g 3x107°° cm’s
£ 0 X — Q%hz ~ 0.1
n; (oV)
X f
Direct
X i X
6DMSM—>DMSM
Crossing symmetry A

2 3
o o S <
I 6DMDM—>SMSM related tO SM SM - DM DM DM SM — DM SM tj)) 03|\/|SM—>DMDM 8
d—
3
N v
A o]

DM DM — SM SM

multiple detection possibilities <=M SM




Indirect Detection of WIMPs

DM
DM+DM—>SM+SM [ 2IG V] dq)y (AQ,E) _ oV dNy(E) v J(AQ)
om? s Ge dE 8amdy dE

Flux = counting the photons
JAQ) = J

dQJ ds p]%M(r(s, 0))
AQ

0

Galactic Center

. . Milky Way Halo
) i good statistics, but source confusion .
Dwarf Satellite Galaxies and diffuse background good statistics,
low BG and good source ID, but diffuse background

but low statistics

Extragalactic

Fig. J. Ko L

J PP large statistics, but
arXiv:0908.0195, Galaxy Clusters astrophysical foregrounds and
Fermi-LAT, Galactic diffuse background
KIPAC/Stanford low background, J

but low statistics



Long Lived Particles
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Intensity frontier searches

Light, weakly interacting particles

Weak couplings — large luminosities required

N

signal =

Lum X 6,,,; X Py, X &

* WIMPless-DM e Beam dump experiments (proton, electron)

e (8- 2)ﬂ e Use LHC wasted luminosity as “beam”
* neutrino masses, HNL —» Forward Physics Facility

LHC
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TI12 near UJ12

The Forward Physics Facility, 2109.10905



https://arxiv.org/abs/2109.10905

LLPs are ubiquitous

...... neutral . , B BSM
charged dlsazr;iirmg kinked track M lepton
any charge Y' 1 B quark
*, R photon
’0.. ..0’ M anything ° S U SY
displaced Arkani-Hamed, Delgado, Giudice, 0601041
HSCP pron
4 * renormalizable portals
Physics Beyond Colliders, 1901.09966
( .................. ° aXion—Iike partiCIeS
| displaced, Bauer et al, 1808.10323
displaced delayed jets
photon * heavy neutral leptons
Cottin, Helo, Hirsch, 1806.05191
displaced ~ emerging ®
vertex

jet

Fig. from S. Westhoff

often invoked in context of baryogenesis, neutrino masses, hierarchy problem, ...
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dark Higgs-dark photon portal
to heavy DM



Mediators: dark Higgs /1, + dark photon A’

_ 2 2 € v
Lporta,l — _Ahhp|¢‘ |0" ——F#VF“
N 2
h H
After spontaneous symmetry breaking, & and hp mix - - - = >~ — - O - - - - -

which connects DS to SM. Indirect detection signature due to i, = SM SM.

@ = (0,(vh+ H)/v2) , o= (op+Hp)/V2

Moreover, dark photon obtains mass my: = gpVp, My, = ApVp
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Mediators: dark Higgs /1, + dark photon A’

€
Loortal = —Ath|<I>\2|a|2—§F;wFW

A

Further, we set ¢ = 0, so A’ has no direct
coupling to SM. General case - future work.

No interactions breaking C-symmetry
— ¢ = 0 preserved at the loop level.
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Matter fields - two component DM

DM is comprised of complex scalars S,, Sg which we connect by heavy connector ¢.
S 4 annihilates within the dark sector in such way that €2 SAh2 ~ 0.1 > Q Sth.

l M
CMB bounds evaded S /Sy
10 TeV S
v X
S, (DM) Sas oo
TeV Y
S 5 (subdominant DM) e
B / |
A’ (very long lived) ’\/\/\/\/\/\A/ { S5
GeV A | hD / Jsm
hp «— SM $ N T
(intensity frontier)
MeV Jsu =e p
< q — CTA] CMB
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Matter fields - two component DM

% = Lsu+ Los + Lponta

DM is comprised of complex scalars S4, Sz which we connect by heavy connector ¢.
S, annihilates within the dark sector in such way that €2 SAh2 ~ 0.1 > Q Sth.

\ /
TN e A v
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) ) . T s, om
gDS > Hs ‘ SA ‘ ¢ N Ky ‘ SB ‘ ¢ T <quD) A ﬂA’L’t | le T Sp (subdominant DM)
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+iqs,8pA, |55 (0"Sp) — (0”5;) SB] - ’lhDSBhlz) ‘SB‘ GeV T
D
e 1 (intensity frontier)
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Matter fields - two component DM

% = Lsu+ Los + Lponta

DM is comprised of complex scalars S4, Sz which we connect by heavy connector ¢.

S annihilates within the dark sector in such way that €2, h*~0.1> Qg h?.
l S /S

\¢/

CMB bounds evaded

g D /
Interactions within the DS A/ /

Z'ps D HUs, ‘SA‘ ¢+ s, ‘SB‘ ¢ + (qngp) A”A'|H|

M5, hp
: P ok (M H Q3 2 1 7
+ZQSBgDA,u SB (6 SB) — (0 SB> S| — ﬂ“hDSBhD ‘SB‘ — /
/ S ¢ |
/ /
o8 4 Y SB
A o) We connect Sy to both mediators: hyand A’
VV\K D which moreover are connected to each other.
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Indirect Detection of
Long Lived Particles



ID of LLPs

LLP production

Galactic Center

Ry ~ 8 kpc

Earth
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ID of LLPs

LLP production

Galactic Center

1 kpc ~ ¢ - 10 s

LLP decay R, ~ 8 kpc

Earth



LLP decay

LLP production

Boost from LLP RF to LAB %ﬂ%/’ m,

Short lifetime regime - secluded WIMP

Bringmann, Weniger, 1208.5481
Elor, Rodd, Slatyer, 1503.01773

Generic Cascade l

x? dN,/dx

1073 1072 107! 10°
X

Cascades lead to softer spectrum

Master formula unchanged, only spectrum changes

ANy _, /tl’max drg  dN,
tl,min xO \/]‘ T E% dxo

dCIZl
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https://arxiv.org/abs/1503.01773
https://arxiv.org/abs/1208.5481

Long lifetime regime

2 = - 5 5
(6v)q . PDM<|”DM_d|) 1 rLLP_rDM‘ f(0) dN
(I)LLP = > dg dS d FDM > eXp i }/(1 — ﬂ COS 9)_ dE]/_
STmpp Jag los  JVpy ‘7LLP — Foum dirp dirp A Jap T dE,

Compare to formula for WIMP ID — non-local J-factor ~ Non-relativistic mediators
Rothstein, Schwetz, Zupan, 0903.3116
dNX
(oV)g Y

Dyip = — J a’Q[ pI%Mds“ dE, T ID anomalies
DM Jaq los AE, y Chu, Kulkarni, Salati, 1706.08543

— no longer direct relationship between @, x(7,) and pZ\(7,).
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https://arxiv.org/abs/0903.3116
https://arxiv.org/abs/1706.08543

Long lifetime regime

Survival probability of LLP spectrum
P 1 Fom— d | Fiip—T
(V) ;. DM DM 1 ‘ "LLP ~ "DM ‘ 1(0) dN
Sampy Jag los 9 Vpy \‘ Fiip— Foum diLp diLp A Jap T dE,
DM density profile Boost factor

Anisotropy function

Integral over all positions of DM that
result in LLP decaying at (s, £2).

Integral over line of sight

- position of LLP= SM. Compare to formula for WIMP ID

(o V)o dN, 5(
Dyivp = [ dQJ p%MdsJ dE
8xmgay AQ oS AE ’ dEy

20



Short lifetime regime — WIMP ID

2 2 > - -
(o), ,, Ppm ( | Tom = 4| ) 1 \ FLLp rDM‘ f(0) dN
8rmpy Jag 1 V ‘ 7 7 ‘ > dyp dirp dw Jap 'dE
= 08 DM "LLP ~ 'DM ' 4

For short lifetime, the only contribution comes from 7j,,, = 7;; p, therefore p = const
and there is no anisotropy — we regain the standard result.

dNX
Wzo J dQJ ngdsJ dE, —
8Mp\ Jag los AE dE}/

/4

dy 1 p—0 =
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Long lifetime regime
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(oV)g
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Long lifetime regime

dipp~ 0.1 — 100 kpe) = |\/| M

~
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Long lifetime regime

@, p= <6">0J dg[ ds[ AT
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Long lifetime regime

}‘, (L -1 i p) SM i ‘\v

dN
O, p= <6"20J dg[ ds[ (l—ﬂcosﬁ)&J dE,—
8xmpm Jag los ar Jae, T dE,

9 -
LLF‘ production GC
1| _/
§=
2 e,
g “diffusion from the GC” *-..
= \" LLP decay
\75 - Extra contribution due to LLPs that are produc.ed ,
i?’ close to GC and decay emitting photons alon§\1os
s | \
=
HH For fixed observational angle 6, min distance of I‘o\s to
" GCisl,;, = Rysind = (8smn0) kpc. Ifd ~ 1. ,\~
there is enhanced contribution coming from the GC\ G
.\‘
First noticed for d®/dE with fixed 8 in Chu, Kulkarni, Salati, 1706.08543
0.17 — e - N e\ Earth
0.01 0.1 1 10 100
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https://arxiv.org/abs/1706.08543
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Thermal history impact on ID
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Late energy injections

10—1-
can destroy light elements

Limits on decaying DM - late energy injections

Dashed lines - BBN
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Limits on decaying DM - late energy injections

Late energy injections
can distort black body
CMB spectrum.

Dashed-dotted, dotted lines
- existing CMB limits.
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Complementarity in searches for
Long Lived Particles
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Indirect Detection & Intensity Frontier
searches for LLPs - complementarity
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Intensity frontier

searches
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Conclusions

Combination of WIMP-like DM and light new physics is an interesting
theoretical framework and a promising experimental target.

We explored the possibility of indirect detection (ID) of long-lived particles in
non-minimal dark Higgs-dark photon portal with heavy scalar DM.

We found that ID provides important coverage of the long-lived
regime, complementary to the intensity frontier searches.

We observed several non-local effects in ID arising from the
galactic spatial separation of LLP production and decay:

¢ an additional contribution to the flux coming from the “diffusion from the GC”

< the photon flux as a function of LLP decay length d
* decreases linearly in the long lifetime regime due to the finite support
of the dark matter density — evading constraints
e decreases faster for dSph than for GC
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